This paper relates consonant development in first-language acquisition to the mastery of rhythmic structure, starting with the emergence of the "core syllable" in babbling. We first review results on very early phonetic development that suggest how a rich hierarchy of language-specific metrical structures might emerge from a universal developmental progression of basic utterance rhythms in interaction with ambient language input. We then describe salient differences in prosodic structures across the languages being studied in a cross-language investigation of phonological development, in which we are eliciting and analyzing recordings from hundreds of children aged two years through five years who are acquiring Cantonese, English, Greek, or Japanese. Finally, we present examples of how patterns of disfluent consonant production differ across children acquiring the different languages in this set, in ways that seem to be related to the differences in metrical organization across the languages.
Introduction
An enormous body of work over the past half century and more highlights the role of metrical structure in aligning different types of information from different parts of the grammar. Work on languages such as English, for example, supports the existence of a hierarchy of structures such as the syllable, the stress foot, and the intonational phrase, which is parsed, in part, from the role that these structural elements play in aligning intonation patterns with morphosyntactic constituents in the planning of attentional flow during an unfolding discourse (e.g., Gussenhoven, 1983; Selkirk, 1984; Welby, 2003) . Just within the phonological component, lower-level metrical structures such as the syllable are evident from their role in aligning consonant gestures with vowel gestures in order to realize features that otherwise might not be audible (e.g., Mattingly, 1981; Browman & Goldstein, 2000) . Moreover, studies such as Levelt and Cutler (1983) and Arbisi-Kelm (2006) , among many others, provide striking evidence of the integral role also of higher-level metrical structures in facilitating the fluent production of consonants. In particular, these studies show that the most notable consonant disfluencies occur around structural positions such as the onsets of pitch-accented words, where entropy is maximal. Much of this evidence on adult disfluencies involves studies of speakers of English. However, there are a few studies of phenomena such as speech errors in other languages (e.g., Kubozono, 1989) . These studies suggest that some metrical structures and/or the associated constraints on consonant alignment and production can differ from language to language. If metrical structures and/or consonant alignment and production constraints are to some extent language specific, how can they develop?
In this paper we will first clarify our assumptions about metrical structure and its role in organizing spoken discourse, and then review previous results on very early phonetic development that suggest how a rich hierarchy of language-specific metrical structures might emerge from a universal developmental progression of basic utterance rhythms in interaction with ambient language input. For example, while the basic motor rhythms of canonical babbling develop in a way that is fairly impervious to all but the most severe degradations in input (see literature reviewed in Oller, 2000) , there are recognizable differences in the "rhythmic feel" of babbling produced by infants acquiring different languages even during the first year or so of life (e.g., Whalen, Levitt, & Wang, 1991; Vihman, 1993) .
After presenting our understanding of what this literature says about development, we will then review salient differences in metrical structures across the languages being studied in the παιδολογος project (http://ling.osu.edu/~edwards), a cross-language investigation of phonological development in which we are eliciting and analyzing recordings from hundreds of children aged two years through five years who are acquiring one of several rhythmicallydiverse languages, including (so far) Cantonese, English, Greek, and Japanese. We will then briefly present examples of how patterns of disfluent consonant productions differ across children acquiring different languages in this set, in ways that seem to be related to the differences in metrical organization across the languages.
Ontology of metrical structure
The starting point for our paper is the observation that a primary function of prosody is to provide a rhythmic scaffolding that specifies designated temporal points of convergence and structural alignment among different components of the grammar. For instance, intonational phrase boundaries are points where talkers can align tones and gestures of consonants and vowels with respect to morphosyntactic clause boundaries. These alignment patterns are regular enough in read speech styles that some researchers (e.g., Selkirk, 1984; Nespor & Vogel, 1986; Gussenhoven, 1992) have hypothesized a deterministic mapping between prosodic constituency and morphosyntactic constituency. Observations of other speech styles do not support the strongest version of this hypothesis (see, e.g., Schafer, Speer, & Warren, 2004) . At the same time, the alignment patterns are regular enough that listeners can use their expectations about the mapping between phonology and syntax to parse otherwise ambiguous strings, as illustrated in (1). In most lab-speech readings of the sentences in (1), the distribution of intonational phrase boundaries (marked by pause or final lengthening, as well as by the tonal cues to the ends of potentially stand-alone intonation contours) resolves the morphosyntactic ambiguity resulting from the homophony between the adjective and pronoun her and between the noun pleas and the adverb please. That is, the intonational phrase break following the word pleas in (1a) coincides with the end of a syntactic phrase, making pleas the object of hear. In (1b), by contrast, the intonational phrase boundary immediately following her disallows this interpretation. This kind of alignment between edges of tonally marked phrases and edges of syntactic constituents has been observed in many languages (e.g., Lehiste, 1973; Selkirk & Shen, 1990; Kang & Speer, 2003 In addition, metrical structure serves as the scaffolding for planning the pitch range relationships and the distribution of shorter-term melodic events that mark global and local discourse organization. For example, in English, pitch accents and phrase accents -the intonational morphemes that indicate local attentional foci within the discourse segmentare aligned to words and phrases by matching metrically strong positions to syntactically prominent constituents, such as lexical heads of the focus constituent, as illustrated in (2). The alignment of the pitch accent and phrase accent relative to the words in (2a) marks the apples as the focal constituent in the intonational phrase containing it, and suggests a discourse context in which the cook is about to start a round of pie-making and is considering different ingredients. By contrast, the distribution in (2b) makes pies the focal constituent of the phrase and suggests a context in which the cook has got a pile of apples and is considering various different desserts that could be made with them (see, e.g., Pierrehumbert & Hirschberg, 1990; Rooth, 1992) . In Japanese, comparable differences in the relationship between the sentence and the larger discourse can be marked by differences in the intonational phrasing, the choice of boundary pitch movement, and the relative pitch ranges of successive intonational phrases (see, e.g., Venditti, Maekawa, & Beckman, 2008 Another important point about metrical structure is that, just within the phonological component, we find evidence of alignment between different structural elements. In cases such as (2), for example, the foot structures that are parsed for monosyllabic pies versus trisyllabic the apples govern the alignment of the pitch accent and following phrase accent relative to the string of consonants and vowels in these words. Even more locally, consonant gestures coordinate with vowel postures, and differences in the coordination patterns reveal their alignment to larger metrical structures. For instance, the production of consonant sequences will vary depending on metrical position, as schematized in (3).
When the sequence /pl/ is produced in foot-medial position (as in apple) the glottal opening gesture and lip closure for the /p/ are aligned to overlap considerably less with the lingual posture of the /l/ as compared to the degree of overlap for the cluster in foot-initial position (as in applause) and word-initial position (as in pleas). Evidence for this understanding of the role of metrical structure in facilitating consonant production comes from many sources, including studies of articulator kinematics in fluent read speech, such as Browman and Goldstein (1988) , Krakow (1993; , Byrd (1996) , and Loevenbruck, et al., (1999) . Some of the studies in this literature have shown layered effects of higher-level prosodic environment on consonant gestures at several levels, with longer constriction durations at intonational phrase edges compared to those at phrase-internal word edges as well as differences for different positions within a foot (Fougeron & Keating, 1997; Cho & Keating, 2001; Byrd, et al., 2005; Bombien, et al., 2006; Cho, 2006) .
The literature on speech errors provides a second source of valuable information regarding the role of metrical structure in consonant production. One key observation in this literature is that speech errors occur at different rates for consonants in different metrical positions (see, e.g., Dell, 1985; Shattuck-Hufnagel, 1987; Levelt, 1989) . For example, English errors often move or exchange consonants at foot beginnings, as shown in the example in (4), from Fromkin (1973 Fromkin, 1971 Fromkin, , 1973 Shattuck-Hufnagel, 1979; MacNeilage, 1998) . This asymmetry between onset and coda positions is often interpreted as evidence for differences in metrical affiliation at the level of the syllable, as schematized in (5) for two competing accounts of English syllable-internal organization.
(4) slumber party → lumber sparty
Evidence that this asymmetry is an effect of metrical position per se (rather than a simpler sequential constraint on available cues in pre-vocalic versus post-vocalic position, as suggested implicitly by Steriade, 1999) comes from cross-language comparison. Specifically, in Japanese, errors can target gestures in analogous mora positions in different syllables, regardless of whether the gestures are vocalic or consonantal, as shown by the example in (6). Kubozono (1989) uses this difference in error patterns between the two languages to argue for a difference in syllable-internal metrical organization, as schematized in the tree diagram in (7), as contrasted to (5a), which is his account of English.
(6) paasento → pansento Regardless of the structure that is posited, however, there is a notable fact about speech errors such as (4) and (6). When consonants move from one syllable to another in planning the utterance of a phrase, they are fluently aligned with the gestures of segments that are adjacent in the new environment, to make for the appropriate allophony. The glottal opening gesture of the /s/ in lumber sparty in (4), for example, merges with the glottal opening gesture of the following labial stop so that the /p/ is now unaspirated, as appropriate for its no-longer foot-initial position. The /l/ that is left behind, conversely, is now fully voiced, since its lingual posture no longer is aligned relative to the glottal opening gesture of a preceding footinitial voiceless obstruent. And analogous fluent positionally appropriate allophonic variation characterizes the pronunciation of the segments around the intrusive moraic nasal in the Japanese example in (6), as well. In particular, the velic opening gesture for the displaced moraic nasal overlaps heavily with the lingual posture for the preceding /a/ to make for a heavily nasalized vowel. Also, the nasality cannot extend into the following /s/ constriction, so that the transcription of [n] for the moraic nasal is much less appropriate here than it is in the second syllable of this word. We interpret these observations about allophonic = = appropriateness as evidence for the integral role of metrical structure in facilitating the fluent production of consonant gestures, particularly of gestures such as the labial release and glottal opening gestures of English /p/ which cannot even be heard unless they are timed so as to be co-produced appropriately with the gestures of other segments around a common metrical alignment point. A third source of evidence for the integral role of metrical structure in consonant production comes from studies of disfluencies in the speech of stutterers. Following Levelt (1983) , Shriberg (1999) , and others, we understand disfluencies as arising from a speaker's detection, and attempted correction, of an error in language production. Different types of errors suggest errors at different stages of planning. In the speech of stutterers, the distribution of disfluencies suggests a breakdown at the stage of assembling an articulatory plan, particularly in the planning of gestures around those metrical positions that present the most challenging constraints on alignment. For example, in English-speaking stutterers, disfluencies occur much more frequently in word-initial position (Brown, 1938 (Brown, , 1945 Hahn, 1942; Soderberg, 1962; Taylor, 1966; Weiner, 1984; Hubbard, 1998; Natke, Grosser, Sandrieser, & Kalveram, 2002) , and in stressed words more often than in unstressed words (Brown, 1938; Bergmann, 1986; Weiner, 1984; Wingate, 1988; Prins, et al., 1991; Natke, Grosser, Sandrieser, & Kalveram, 2002) . Moreover, there are also metrically-conditioned differences between different types of stressed words. Specifically, there are more disfluencies on stressed words that are aligned to pitch accents in the intonation contour of the utterance (Arbisi-Kelm, 2006).
We attribute this last result to the exigencies of accent production in English. Consonant production in pitch-accented words is challenging for two reasons. The first is the set of linguistic conventions identified by researchers such as de Jong (1995) about the carefully "hyperarticulated" quality of the consonants and vowels associated to pitch-accented syllables in languages such as English. Even if there were no such conventions, however, we would expect accented words to be a locus of disfluency, because of the added burden of aligning the laryngeal and oral gestures for the consonants and vowels of the word together with the laryngeal and respiratory gestures for producing the tone pattern within the backdrop pitch range specified at that point in the discourse.
In summary, converging evidence from fluent and disfluent speech suggests to us that consonant production depends on a facility to coordinate gestures at multiple time scales, from the rapid sequence of raising and lowering movements that flick the tongue tip against the alveolar ridge to make the 20-30 ms closure for an alveolar tap to the gestures of the respiratory and laryngeal system that specify the pitch range over stretches of speech that can extend for 5-10 seconds. Our understanding of the hierarchy of metrical structures for any given language is that these structures provide a conventionalized schema for organizing the planning of speech production in real time. Like Ferreira (1993) and Keating & ShattuckHufnagel (2002) , that is, we interpret speech error data as telling us that metrical structures for larger prosodic constituents, such as accented positions within intonation phrases, are assembled relatively early in the production process, before word-specific gestural ensembles are retrieved and aligned relative to the rhythmic frames specified for the larger constituents. Moreover, we understand from the comparison of intonation systems and word-level prosodic templates across languages that the metrical hierarchy is highly conventionalized and language-specific.
This language specificity raises an important question: how exactly can the higher-level metrical structures be acquired so that the child can begin to produce the consonants that distinguish words of the ambient language? In the next section, we suggest one route by which language-specific metrical organization can emerge from infants' developing motor control over their respiratory and laryngeal systems, and over movements of their lips, tongue, and velum, in interaction with the voices and faces of speakers in the infants' environment.
Ontogeny of metrical structure
Evidence for the emergence of rudimentary metrical organization can be found very early in speech development, during the pre-babbling and canonical babbling stages as identified by researchers such as Oller (1980; 2000) , Stark (1980) , and Koopmans-van Beinum & van der Stelt (1986) . In the "phonation stage" (using Oller's terms), infants practice their control of the most transparently autonomous articulatory gestures, exploring the motor space for different patterns of fundamental frequency or laryngeal source quality in conjunction with different vowel-like resonances. From around 2-3 months of age, during the "gooing stage", children advance to articulations of consonant-like sounds, including vaguely [k]-like releases that can be produced with a raised jaw and tongue-filled oral tract. At these early stages, the dominant audible rhythm is not internal to the infant's vocalization. Rather, it is the alternation of imitative turn-taking between the infant and the mother that can ensue if the mother responds to the baby's coos with contingent imitation of the baby's phonatory gesture and/or the baby's resonance gesture (see, e.g., Papoušek & Papoušek, 1989; Masataka, 1993 Masataka, , 2003 . Papoušek, Papoušek, & Symmes (1991) even propose that there are cross-cultural commonalities in the melodic shapes that mothers use to engage an infant's attention and invite a bout of vocal turn-taking at this age. They cite in support of this proposal their results showing that Mandarin-Chinese speaking mothers will suppress lexical content of their utterances to their infants in order to enable the expression of these tunes.
A bit later, starting at about 6 months, the rudimentary consonant-like releases of the "goo" stage become coupled to more rhythmically consistent mandibular oscillation patterns. At this stage of "canonical babble", parents in homes where the babies are acquiring a spoken language are much more likely to describe their children's vocalizations in terms of the consonants and vowels of the ambient language, as in Darwin's (1877: 292) description of one infant's progression from the earlier stages into the canonical babbling stage:
At 46 days old, he first made little noises without any meaning to please himself, and these soon became varied. An incipient laugh was observed on the 113th day, but much earlier in another infant. At this date I thought, as already remarked, that he began to try to imitate sounds, as he certainly did at a considerably later period. When five and a half months old, he uttered an articulate sound "da" but without any meaning attached to it.
Researchers have long noted that the onset of this canonical babble (or "reduplicative babble") comes when the baby is maximally engaged in a regular rhythmic exploration in general, waving hands and feet, shaking rattles, and so on (e.g., Thelen, 1979 Thelen, , 1991 see review in Ejiiri & Masataka, 2001) . While the timing of the mandibular cycle makes the infant's vocalizations at this stage sound very much like consonant-vowel alternations, there are strong constraints on what consonants can combine with what vowels. These constraints suggest that the infant is still controlling tongue posture only at the whole-utterance level, in what Davis and MacNeilage (1995) refer to as "frame dominance" -a precursor to the "variegated babble" seen in many infants, when shorter term rhythms allow the infant to begin to control sequences of labial and lingual postures on a "syllable-by-syllable" basis.
Summarizing this work, we can say that observations of these stages of pre-linguistic babbling strongly support the idea that the intonation phrase and the core syllable are universal units of spoken language simply because they harness rhythmic structures that emerge universally in normal development. The intonation phrase (or "breath group" as Lieberman, 1967 , calls it) emerges as a very young infant explores the auditory consequences of coordinating the respiratory cycle with oral gestures for sustained egressive phonation. The core syllable, similarly, emerges as the somewhat older infant explores the auditory consequences of coordinating a basic mandibular oscillation with lingual and labial constrictions for a fluent sequence of consonants and vowels.
While these structures have a universal ontogenetic basis, however, the metrical structures that eventuate do differ across languages. The tone shapes that mark the "breath group" are specific to each language variety, and so are the dominant syllable structures. An obvious question that arises, then, is the following. How and when are these universal rhythms tuned to become the metrical structures specific to the phonological grammar of the ambient speech community? We believe that the universal rhythms are entrained to ambient language structures very early, because of the critical role of auditory feedback in normal development of motor control for speech. As Kent (1984: R890) asserts in his seminal paper on the "psychobiology of speech development":
Production and perception capabilities that ultimately lead to speech are initially largely separate, but they begin to be coordinated (integrated) within the first few months of life. The integration of the two systems also interacts with the child's linguistic background, such that the child's exposure to the sounds around him/her eventually influences the child's own pattern of vocalization.
[emphasis in original]
Much research on early infant vocalization highlights the importance of auditory feedback. For example, Langlois, Baken, and Wilder (1980) attributed the onset of a sustained exhalation phase of the respiratory cycle (and consequently longer vocalizations) entirely to anatomical factors -especially to the growth of the rib cage. However, the crucial role of audition becomes apparent when examining how utterance duration changes when there is little or no auditory feedback. Clement, Koopmans-van Beinum, and Pols (1996) found that while both typically-developing and hearing-impaired children showed the expected increase in mean utterance duration around 3-4 months, the hearing-impaired children showed a significantly smaller increase. The authors ascribed this difference to a lack of auditory feedback, which is consistent with Lieberman's (1986) suggestion that insufficient laryngeal muscle exercise during this period could result in reduced ability to manipulate sub-glottal air pressure. In other words, normal development of the universal basis of the "breath group" depends on auditory feedback at 3-4 months.
Analogous effects of auditory experience are also observed for the later development of canonical babbling rhythms. For example, in a study of two monozygotic twins -one profoundly hearing-impaired and the other with normal hearing - Kent, Osberger, Netsell, and Goldschmidt Hustedde (1987) found key production differences at 8, 12, and 15 months. In addition to producing a smaller range of vowel formant frequencies at each of the three recording sessions, the hearing-impaired twin showed an overall later onset of canonical babbling. A larger study by Oller and Eilers (1988) of 21 infants with normal hearing and 9 deaf infants replicates this effect of input. All of the infants with normal hearing began canonical babbling between 6-10 months of age, while none of the deaf infants began this stage before 11 months.
Given this critical role of auditory input for the onset of canonical babbling, we might expect to see entrainment to ambient language speech patterns before the onset of language. And, indeed, influence of language-specific autosegmental content on infants' vocalization patterns is found as early as 10 months. In their study of 10-month-old infants growing up in Arabic-, Cantonese-, English-, or French-speaking homes, de Boysson-Bardies, Hallé, Sagart, and Durand (1984) found that the distribution of formant frequencies measured in vowel-like intervals in each infant's canonical babbling reflected the frequencies of different vowels in the lexicon of the ambient language. Transcribed consonant place frequencies in babbling reflect a similarly early influence of adult language input. In their cross-linguistic study of infant vocalization patterns, de Boysson-Bardies and Vihman (1991) found that 9-10-monthold infants growing up in English-, French-, Japanese-, or Swedish-speaking homes produced different proportions of labial consonants relative to lingual consonants, in keeping with the different distributions of labials in the adult lexicons of the four ambient languages.
Analogous results have been found for the time course of language-specific effects in the prosodic domain, as well. In a longitudinal study of babies growing up in French-or Englishspeaking homes, Levitt and Wang (1991) found no cross-language differences in "syllable" durations during the pre-canonical stages at 4-6 months. During the later reduplicative babbling stage, however, the English-acquiring children produced significantly shorter final syllables than did the French-acquiring infants, reflecting the predominantly trochaic pattern of English words, as opposed to the predominantly iambic rhythms of French. A companion study of the fundamental frequency patterns produced by these infants lends further support to this interpretation of the duration patterns in terms of the language-specific rhythmic patterns. Specifically, Whalen, Levitt, and Wang (1991) report consistent differences in the pitch contours for two-and three-syllable reduplicative babbling trains, such that the Frenchacquiring babies produced a mix of both sequence-final rises and sequence-final falls, while the English-acquiring infants produced almost exclusively falling melodic contours.
Such cross-language prosodic differences in reduplicative babbling are important because canonical babbling provides the basic "vocal motor schemes" of the first words (Vihman et al., 1985; Davis, et al., 2000; McCune & Vihman, 2001) . That is, the ability of infants to integrate the longer-term coordination of subglottal pressure modulation and laryngeal control for the global and local pitch patterns of intonation phrases together with the shorterterm control of jaw, tongue, and lip movements for vowels and consonants is prerequisite to the later fluent production of one-word utterances. Therefore, the fact that there are measurable effects of ambient language prosody on the tunes and rhythms of reduplicative babbling months before the infant makes the connection to meaning strongly supports the primacy of prosodic structure in constraining the development of motor control for later word production. Therefore, we are not surprised to find that the first recognizable words that young toddlers produce also reflect the prosodic structures of the languages that they are acquiring, even as they reflect more universal constraints on the motoric complexity of early utterances. For example, Vihman, DePaolis, and Davis (1998) note differences in the prosodic structures in early multi-syllabic word productions by French-and Englishacquiring toddlers at 13-20 months. Mirroring the stress patterns of the ambient language, the English-acquiring babies produced only recognizable trochees, while the French-speaking babies produced recognizable iambs. The difference was especially striking in cases where a child truncated a long word or re-configured a word's underlying syllabic structure to match the desired stress pattern, as in the French-acquiring baby's production of [ppji] for the adult target papillon 'butterfly' or the English-acquiring baby's production of [wn] for the adult target around. While older toddlers tend not to show such dramatic prosodic reorganization, we might still expect to see constraints from the prosodic organizations that the child has mastered interacting with and affecting the child's productions of one-word utterances. In section 5, we will look in greater detail at several examples of disfluency patterns produced by young children acquiring English or one of three other languages, particularly with respect to how these error patterns are shaped and constrained by both language-specific and language-general aspects of metrical organization. In the next section, we describe the larger database of productions from which these examples are drawn.
The παιδολογος project -cross-linguistic research on phonological acquisition
The examples that we will discuss were recorded as part of a larger project in which we are comparing accuracy rates for productions of word-initial lingual obstruents in a range of following vowel contexts across a variety of languages. For each language, the subjects we record are twenty young adults (aged between 18 and 30 years) and 100 children aged from 2 years through 5 years. The target consonants are elicited using a picture-name repetition task that allows us to record them in real words that are not likely to be familiar to the youngest children, as well as in the highly familiar picturable real words used in most word-naming tasks. In this way, we can sample the consonants evenly across following vowel environments even when one coarticulatory context is relatively rare. The task even lets us elicit the target consonants in nonsense words so that we can compare the children's accuracy rates across pairs of languages in all coarticulatory conditions of interest, whether the consonant vowel context is phonotactically licit in both languages or just in one.
Although we have recently begun to record productions by children acquiring Korean, Mandarin Chinese, and French, the first languages that we chose to study were Cantonese, English, Greek, and Japanese. These are the languages for which we have the most complete analyses to date, and therefore they are the languages from which we will draw all of our examples for this paper. These initial four languages (and the subsequent three) were chosen because we have access to children acquiring them and because each has a rich inventory of lingual obstruents which can be compared to identically transcribed consonants with different contrastive properties, different allophonic patterns, or different phonotactic frequencies in one or more of the other languages. For example, all of the languages have at least one sibilant fricative that is transcribed as /s/, and in all of the languages but Cantonese and Korean, this alveolar fricative contrasts with at least one other voiceless lingual fricative at a different place of articulation. In Greek and English, /s/ contrasts with a more anterior dental // as well as with a more posterior fricative, which is the dorso-palatal /ç/ in Greek and the coronal post-alveolar /ʃ/ in English, whereas in Japanese /s/ contrasts only with two more posterior fricatives -an alveolopalatal // as well as the dorso-palatal /ç/. Moreover, in English, both /s/ and /ʃ/ occur readily in all following vowel environments, whereas in Japanese, /s/ does not occur before /i/ and // is only marginally attested before /e/. All the languages also have voiceless dental or alveolar and "plain" dorsal stops that can be transcribed as /t/ and /k/, as well as at least one other voiceless dorsal stop with a contrastive "secondary" labial or palatal articulation.
Our initial analysis is a categorical judgment (by a native speaker of that language who is a trained phonetician) of the accuracy of each target word-initial consonant and of the following vowel. That is, the transcriber opens the audio file for a recording session in Praat, along with a TextGrid file in which the interval for each word has been marked off and tagged with an initial broad phonemic transcription. The transcriber zooms in on each target word in turn, listens to the word production, and compares the word-initial consonant and the following vowel to their target transcriptions. If a sound is judged to be correct, the phonemic transcription is accepted. Otherwise, the transcriber analyzes the error to provide one of the types of tags listed in (8), the first three of which are types of "substitution" that require a transcription of the substituted sound. Both the automatically provided initial broad phonemic transcription of the target sounds and the transcribers' analyses of the substitution errors use the WorldBet ASCII encoding of the IPA devised by Hieronymous (1994) , and both adhere to conventions that sometimes are at odds with the usual phonemic analysis for the language. For example, the Greek front dorsal stop that occurs before /i/ and /e/ and that contrasts with "plain" /k/ before the other three vowels of the language in words such as /kosk j i/ 'kiosk' in (8) is transcribed as a palatalized stop rather than as a palatal stop, as in the usual phonemicization of Greek provided by Arvaniti (1999) and others. The English initial stop in words such as cute and key also is transcribed as a palatalized velar, and the English initial stop in words such as quake is transcribed as a labialized velar.
(8) $ plus a broad transcription, for a within-inventory substitution error e.g., $ts for a /ts/ for /k j / substitution for Greek /kosk j i/ 'kiosk' + plus a narrow transcription, if the substitution goes outside the language's inventory e.g., +tc} for a [t] for /k j / substitution for Greek /kosk j i/ 'kiosk' : separating some pair of IPA tags e.g., +tc}:$ts for a production intermediate between the above two deletion for a segment that is simply not pronounced distortion for an error that cannot be captured by any IPA symbol This transcription of labialized or palatalized stops bears more explanation. By adopting these transcription conventions, we are equating the configuration of lingual and labial gestures at the beginning of English quake with the configuration of lingual and labial gestures at the beginning of Cantonese /k w a: 55 / 'melon' and we are equating the configuration of tongue body gestures at the beginning of Greek /kosk j i/ 'kiosk' and of English key and cute with the configuration of tongue body gestures at the beginning of Japanese kippu /k j ip:u/ 'ticket' and kyū /k j u:/ 'nine'. That is, for the sake of cross-language comparison, we are analyzing the CV sequence in words such as cute as having the prosodic structure and alignment constraints in (9a). In this analysis, the front place of constriction of the dorsal stop in English cute is parsed as a property inherent to the consonant, just as in the contrastively palatalized dorsal stop in Japanese kyū. A more traditional analysis is shown in (9c). Here, the tongue fronting gesture is parsed as a feature of the first target in a following diphthong, which is co-produced with the consonant, yielding the "front allophone of /k/" that is also seen in words such as key, as in (9b). The schemata in (9) are intended to highlight the idea that the difference between English cute and Japanese kyū is a prosodic difference rather than a difference in intrinsic autosegmental content. Comparing these "palatalized velars" across the two languages gives us a way of evaluating the consequences of such cross-language differences in prosodic organization at the level of the syllable.
The languages examined also have other, more obviously prosodic differences involving structures above the syllable. For instance, Greek and English both have intonational morphemes (pitch accents) that are constrained to anchor to syllables that are rhythmically prominent (i.e., have "lexical stress"). However, the word-level rhythms differ. English kyū key cute tongue body up-down tongue body front-back words are predominantly one or two syllables long, and words longer than one syllable show a trochaic bias, grouping alternating strong and weak syllables into bimoraic feet (Hayes 1980; Halle & Vergnaud 1987; Kager 1989) . As a consequence, the most typical word shapes are a stressed syllable alone or a disyllable with initial stress, so that the consonant marks not just the beginning of the intonation phrase (in the citation form utterances we elicited) but also the beginning of a stress foot, with all of the concomitant constraints on precise alignment to coordinate the constriction gesture for the consonant with the lingual and labial postures specified for the following full (and typically pitch-accented) vowel. This contrasts with Greek, which has almost no monosyllabic words, and which has a trisyllabic stress window aligned to the end of the word, with no phonetic evidence for stress alternations elsewhere (see Joseph & Philippaki-Warburton, 1987 , and other references cited in Arvaniti & Baltazani, 2005) . Many more words of Greek, therefore, have unstressed initial syllables. Furthermore, while in English only // and its variants are unstressed and subject to deletion, any vowel in Greek may be unstressed, and both /i/ and /u/ may be lenited in unstressed environments (Arvaniti, 1994) . This is illustrated in Figure 1 . The word /il j a/ 'lips' in the spectrogram on the left has a stressed initial syllable, with a fully realized vowel /i/, whereas the word /imonas/ 'winter' in the spectrogram on the right has stress on the second syllable, and the unstressed vowel /i/ is significantly reduced. The consonantal contexts that favor this lenition of high vowels in Greek are very similar to those that promote "high vowel devoicing" in Tokyo Japanese, and the acoustic patterns that result are similar. The Japanese phenomenon differs prosodically, however, because Japanese does not have anything like stress in Greek. There are localized pitch events that Greek-and English-speaking second language learners of Japanese assimilate to the "pitch accents" in their native intonation systems. However, the pitch accents of Japanese are simply lexically specified tone patterns that are not associated to prominent syllables and which interact only very indirectly with the prosodic mechanisms for focus-marking (see Venditti, Maekawa, & Beckman, 2008 , for a review). It is not at all uncommon for high vowels in lexically accented syllables to be deleted, as is clearly evident in the numbers reported for the Corpus of Spontaneous Japanese by Maekawa and Kikuchi (2005) as well as in many earlier studies of lab speech. Moreover, there is a rising initial boundary pitch movement covering the first one or two moras of every well-formed accentual phrase, and hence of every utterance, whether or not there is a lexical accent anywhere in the utterance. Therefore, the Japanese word-initial consonants in our database are not in a position of relaxed prosodic alignment constraints even in syllables with devoiced or deleted vowels.
Finally, Cantonese also has segmental lenition and even whole vowel deletion, in a phenomenon called "syllable fusion" (Wong, 2004 (Wong, , 2006 . This reduction phenomenon is not constrained by word-level prosodic prominence, since Cantonese does not have anything like the contrast between stressed and unstressed syllables of English and Greek. This description may make Cantonese syllable fusion seem like Japanese vowel devoicing. However, the two phenomena are quite different, as are the two prosodic systems more generally. Every syllable of Cantonese is prosodically strong in the sense that every syllable bears a full lexical tone. The lack of tonally unspecified syllables differentiates Cantonese not just from Japanese but also from most varieties of Mandarin Chinese as well as from Wu dialects such as Shanghainese. In these other Chinese varieties, prosodic words typically are at least two syllables, and high vowel deletion like that seen in Greek occurs on weak syllables that have "neutral tone" -i.e., syllables that either are intrinsically not specified for tone, as in the second syllables of Mandarin dōufu 'tofu' and yìsi 'meaning', or that "lose" their tone specification in the word-formation process, as in the middle syllable of yào bu yao 'want?' (examples from Peng et al., 2005) . Cantonese differs from these other varieties of Chinese in having far fewer disyllabic (and longer) words as well as in not having neutral tone syllables. Syllable fusion is much more strictly a post-lexical process, but even the most extreme cases of reduction and vowel deletion typically occur without tone loss. That is, even in cases where the medial consonants have been completely deleted and the two vowels merged into a single sandhi form, both syllables' lexical tone specifications are preserved, so that the syllable count is effectively unchanged (see examples and description in Wong, Chan, & Beckman, 2005) .
Our original motivation for eliciting several productions of each word-initial lingual obstruent in each of several vocalic contexts was to be able to compare accuracy rates across the different languages. By comparing accuracy rates for ostensibly the same CV sequence across languages that have different phonotactics or different frequencies for the sequence, we can begin to tease apart the effects of language-specific phonotactic probabilities from any language-universal effects of the intrinsic difficulty of producing that particular constellation of consonant and vowel gestures (see Edwards & Beckman, 2008) . Given the differences in prosodic structure outlined in this section, we wonder whether the error patterns might also be informative. Even if children acquiring different languages make the same number of errors for a particular CV sequence, might they show differences in the types of errors that they make if the same autosegmental content is parsed differently by the prosodic organization of the language? For example, given the different prosodic analyses in (9), we might expect Japanese-acquiring children and English-acquiring children to latch onto different strategies for producing this difficult assemblage of lingual gestures. Moreover, even when there are no obvious differences at the level of the syllable, different demands for more or less precise coordination of consonant, vowel, and tone might lead to different patterns of disfluency. In order to be able to explore these possibilities, we encourage the transcribers to note examples of different types of disfluent productions on a "notes" tier, and we are developing consensus analyses and conventions for tagging recurring types. We have culled interesting examples of these recurring types which we present in the next section.
Disfluencies and deletions in the παιδολογος recordings
One of the disfluency tags on the "notes" tier is the tag "E" for an initially incorrect or very "effortful" production of a target fricative or affricate that eventually homes in on an acceptable target constriction. This is the disfluency type that seems most similar to the stereotype of adult stuttering. In the example in Figure 2 , an English-speaking child produces an "E"-tagged disfluency on the initial /s/ in the trisyllabic nonword /svfae/. The "effortful" nature of the production is clearly evident in the acoustic pattern of an initially less strident interval followed by a momentary dip in amplitude as the child apparently repositions the tongue body or tongue blade to better direct the airstream to hit the edge of the incisors downstream of the constriction. We originally devised the "E" label so that transcribers could analyze cases such as the /s/ in Figure 2 as different from fluent productions of target fricatives and affricates, while still recognizing that the child eventually achieves some configuration of lingual and laryngeal postures that is recognized as the target strident sound. The "E" tag, therefore, is reserved for target fricatives and affricates, where visible (and audible) changes in amplitude and spectral shape over the course of the turbulent interval can reveal the child's ongoing struggle with the difficult aerodynamic requirements of these sounds. Figure 3 is an example of a different analysis category -the "split-CV" -which we now think reflects a similarly effortful struggle to coordinate the lingual and laryngeal gestures for a target stop with the tongue posture for the following vowel. In contrast to the rapid succession of more or less fluent stop releases that define the stereotypical Englishspeaking adult stuttering pattern, the children's disfluent stop productions seem much more effortful and less organized rhythmically. In Figure 3 , for example, the child successfully releases the dorsal stop closure into the lingual posture for the target /ɑ/, but fails to initiate voicing. There is a nearly 300-ms period of "aspiration" which would be interpreted, if this were Japanese, as a fluent devoiced vowel. The child then overshoots the laryngeal adduction target for voicing, so that there is a 180-ms pause before another short interval of "aspiration" and then finally the full stressed target vowel. This creates the percept of an epenthetic vowel followed by a glottal stop, with a correspondingly increased syllable count. In English, such "split-CV" cases occur especially frequently when the child attempts the especially demanding coordination involved in sequencing the lingual and laryngeal gestures for a fluent aspirated palatalized velar stop before the labial and lingual gestures for a back vowel, either in the legal sequence /k jh u/ -traditionally analyzed as /k h / followed by /ju/ as in (9c) -or in the "illegal" sequence */k jh o/ which we could elicit only in nonwords. Figure 4 shows such a case. There is the same apparent epenthetic syllable as in Figure 3 , and also a perceived fronting substitution of /t h / for the target dorsal. The error patterns that Japanese-acquiring children show for the analogous sequences in their language show two interesting differences from the English error patterns in Figure 4 , both of which are illustrated in Figure 5 . First, the more common place error corresponding to the fronting to [t h ] in Figure 4 is the substitution of an alveolopalatal affricate, as in the production shown in the left panel of Figure 5 . Tsurutani (2004) also notes this substitution pattern, which mirrors a frequent substitution pattern for the palatalized velar in the less challenging sequence /k j i/ in studies such as Nakanishi, Owada, and Fujita (1972) . Second, in cases that are analogous to the "split-CV" aspect of the example in Figure 4 , the mistiming does not involve the laryngeal gesture. Instead, the palatal place-of-articulation gesture is extended into the voiced vocalic interval, creating the percept of an [i] vowel before the transition to the unrounded back vowel, as in the production shown in the right panel of Figure 5 . Although this mistiming increases the perceived syllable count, the prosodic reorganization does not sound nearly as disfluent as the voiceless vowel followed by glottal stop that the English-native-speaker transcriber tagged with the "split-CV" label in Figure 4 . These differences between the two languages suggest that it is partly the added requirement of controlling the alignment of the laryngeal gesture for the English aspiration contrast in word-initial stressed syllables that makes the English sequence more challenging. Further support for this suggestion comes from Cantonese disfluencies that are analogous to the English cases in Figures 3 and 4 . Figure 6 gives an especially illuminating example. The child backs the initial /t/ to [k] and then seems to hesitate momentarily before initiating voicing half-way through the second target in the following diphthong. Although there is a 130-ms interval where /a/-like formants are excited by soft [h]-like turbulence, followed by a 200-ms interval where /u/-like formants are excited by even softer turbulence, the Cantonese transcriber does not perceive this as an aspiration error. Instead, she tags it as a deletion of the first (short /a/) target in the diphthong. That is, since there is voicing to carry the tone only during (the second half of) the interval where the tongue body and lips are postured for /u/, this is the only part that can be counted as a vowel. Or, to put it another way, because Cantonese, unlike English, does not have unstressed syllables that license vowel devoicing, the hesitation after the release of the stop cannot be perceived in terms of a prosodic reorganization that increases the syllable count. Such differences in interpretation of ostensibly identical misalignment patterns across languages highlights the close dependency between fluent production of segments and mastery of the language-specific prosodic constraints on gestural coordination. They also raise an important question about the act of transcription. As suggested earlier in our discussion of Japanese kyū and English cute in (9), consonant and vowel gestures do not carry their prosodic affiliations on their sleeves. Assigning a particular segmental transcription to a child's production implies a particular prosodic analysis, and different transcribers can disagree on the prosodic analysis. The production in Figure 7 is a case in point. This production of the English nonword /ʃuɡɨmeɡ/ is another case of an "E" disfluency. Unlike the example in Figure 2 , however, here the effortful struggle to produce the aerodynamic conditions necessary for strident turbulence results in a failure to initiate voicing after the (eventually successful) configuration of gestures for the /ʃ/ constriction is released into the wider oral passage for the following vowel. One English speaker (the second author) interpreted this failure to voice the /u/ in terms of a prosodic reorganization that displaced the stress to the second syllable. Another English speaker (the first author) picked up on residual cues to the stress pattern, such as the high intensity during the fricative in alternation with the low intensity on the weak vowel in the second syllable, to perceive this disfluency instead as an illegal vowel lenition in a stressed syllable.
We might be tempted to ascribe such disagreements to the different backgrounds that any two transcribers necessarily bring to the task of transcription, even when they share a common native language. However, the examples in Figures 8 and 9 show that there can be truly ambiguous cases, where there is no good basis for choosing between two different prosodic analyses for two different transcriptions. In our Greek data, cases of "effortful" productions of fricatives were most frequent in four-syllabic non-words, which necessarily have initial unstressed syllables, given the three-syllable window for stress. Such foursyllable forms with antepenultimate stress are very rare (although non-initial stress is not rare), and the children find the nonwords with this shape particularly challenging, as illustrated in these two figures. Figure 9 . Ambiguous case that can be analyzed either as complete deletion of the initial unstressed syllable with a stopping error on the initial /s/ of the second syllable, or as deletion of the vowel only, with a possible merger of the features of the resulting /ds/ in a disfluent production of the Greek nonword /dasamonis/.
In the example in Figure 8 , the child appears to have deleted the entire first syllable of the target form /disamonis/, and then produced a slightly distorted /s/ from the second syllable. By contrast, in the example in Figure 9 , since there is clear evidence of an initial stop burst, the interpretation of the disfluency is ambiguous. Does this [ts] sequence represent a complete initial CV deletion, and the substitution of the affricate [ts] for the now word-initial target /s/? Or does the [ts] instead come about via a less substantial reduction of the first syllable -i.e., a "devoicing" of the vowel as well as of the initial /d/? And if so, is the original syllable count preserved so that the apparent [ts] sequence is interpreted as a sequence of two syllable onsets, as it would be if the "devoiced" vowel were /i/ or /u/? Or does the unexpected lenition of a target low vowel (observed sometimes in Japanese but never reported in Greek) effectively change the syllable count, so that the resulting [ts] is now a merging of the onset consonants into the affricate [ts]? Our Greek transcriber entertained all three possibilities, but did not find any one of them more compelling than the others.
Summary and conclusion
A key insight of Autosegmental-Metrical theory is that metrical structures are parsed from the way in which they license the choice of autosegmental content from the languagespecific inventory of paradigmatic contrasts, and govern the syntagmatic alignment of different autosegmental content specifications with each other. As children acquire the ambient spoken language, they must learn the metrical structures as well as the inventory of autosegmental content specifications specific to their target language. In this paper, we have reviewed a few examples of young children's disfluent productions of consonants in positions where the gestural alignment patterns or the prosodic interpretation of the gestural alignments is particularly challenging. We have tried to show how such a comparison of young children's mis-productions of consonants cross-linguistically can illuminate the interaction between ostensibly universal constraints imposed by immature motor control systems and the language-specific metrical structures and autosegmental content inventories. In future work, we hope to further uncover these processes and interactions, in order to gain a greater understanding of the mechanisms available to a young speaker in planning and generating utterances.
